Abstract: Dietary intake of lycopene is associated with reduced risk of prostate cancer (PCa). We conducted a clinical trial in men with prostate cancer to investigate the biological and clinical effects of lycopene supplementation. Twenty-six men with prostate cancer were randomly assigned to receive a lycopene supplement or no supplement for three weeks before radical prostatectomy. Subjects in the intervention group (n = 15) were instructed to take a tomato oleoresin extract soft gel capsule (Lyc-O-Mato ® , LycoRed Company, Beer Sheva, Israel) containing 15 mg lycopene, 1.5 mg phytoene, 1.5 mg phytofluene, and 5 mg tocopherol twice daily with meals. Prostatectomy specimens were evaluated for pathologic stage, Gleason score, volume of cancer, and extent of high-grade prostatic intraepithelial neoplasia (HGPIN). Biomarkers of cell proliferation and apoptosis were assessed by Western blot analysis in benign and cancerous tissue samples obtained from the prostatectomy specimens. Oxidative stress was assessed by measuring the peripheral blood lymphocyte DNA oxidation product 5-hydroxymethyl-deoxyuridine (5-OH-mdU). Plasma levels of lycopene, insulinlike growth factor-1 (IGF-1), insulin-like growth factor binding protein-3 (IGFBP-3), and prostate-specific antigen (PSA) were measured at baseline and after three weeks of study period. After the intervention, more men in the intervention group had smaller (<4 cc) tumors, organ-confined disease without involvement of surgical margins or extra-prostatic tissues, and focal involvement of the prostate with HGPIN compared to the control group. Mean plasma PSA levels were lower in the intervention group compared to the control group. This pilot study suggests that a tomato extract containing lycopene and other tomato carotenoids and phytochemicals may have a potential role in the treatment of prostate cancer. Larger clinical trials are necessary to definitively address potential uses of lycopene or tomato extract in the prevention or treatment of prostate cancer.
INTRODUCTION
Prostate cancer is the second leading cause of cancer deaths in males in the United States. It accounts for about 30 % of all cancers that are diagnosed in men. In 2001, the American Cancer Society has predicted 198 100 new cases and 31 500 deaths from prostate cancer in the United States [1] . The incidence of prostate cancer has increased dramatically in the last decade due mainly to the increase in screening using PSA. The prevalence of the precursor lesion, HGPIN, and carcinoma of the prostate increase with aging starting in men in their early thirties [2] . Knowledge of the natural history of development, elucidation of critical genetic and epigenetic pathways, and presence of risk factors for identifying target populations make prostate cancer a good target for prevention [3] . Thus, there is great interest in prostate cancer chemoprevention, which can be defined as the administration of natural and/or synthetic agents that inhibit one or more steps in prostate carcinogenesis [4] .
Dietary intake of tomato products and lycopene has been associated with reduced prostate cancer risk [5, 6] . Therefore, lycopene has been identified as one of the promising chemopreventive agents. Lycopene and other carotenoids have a number of cancer-preventive biological effects including (a) inhibition of growth and induction of differentiation in prostate cancer cells [7] [8] [9] [10] [11] , (b) up-regulation of connexin 43 (Cx43) and increased gap junctional intercellular communication [12] [13] [14] [15] [16] , and (c) prevention of oxidative DNA damage [17] [18] [19] .
Gap junctional intercellular communication (GJIC) and Cx43 expression levels could be useful intermediate endpoints in prostate cancer chemoprevention clinical trials, because they are decreased in prostate cancer cells [20] [21] [22] . Therefore, chemopreventive agents modulating Cx43 expression and/or GJIC would be of great interest [23, 24] . Retinoids and carotenoids are potent up-regulators of Cx43 and GJIC [14, 25, 26] . In particular, lycopene increases GJIC by increasing expression of the gap junctional gene, Cx43 [12] [13] [14] . This action correlates strongly with the ability of lycopene and other carotenoids to suppress neoplastic transformation in model cell culture systems [14] . This action of carotenoids has been proposed to have mechanistic significance by enabling the transfer of growth-regulatory signals between normal growth-inhibited cells and preneoplastic cells. Indeed, when neoplastic cells were forced into junctional communication with quiescent normal cells, the neoplastic cells became growtharrested in direct proportion to their extent of junctional communication [23] . Progressive decreases in the expression of Cx43 with disease severity have been reported in the human prostate [20] , and there is evidence in prostatic carcinoma cell lines that some of this loss of junctional communication may result from defects in assembly of Cx43 protein into gap junctions [21] . When functional communication was restored in a human prostatic carcinoma cell line, cells had more normal differentiation, reduced proliferation, and suppressed tumorigenicity [22] . Therefore, Cx43 and GJIC could be used as surrogate endpoint biomarkers (SEBs) or intermediate endpoints in phase II clinical chemoprevention trials for prostate cancer.
It is important to identify men at high risk for prostate cancer so that they can be enrolled in chemoprevention trials. In addition to the presence of HGPIN in the prostate and elevated serum PSA levels, recent studies suggest high-serum IGF-1 and/or low-serum IGFBP-3 as good markers for high prostate cancer risk. Insulin-like growth factors have mitogenic and antiapoptotic effects on normal and transformed prostate epithelial cells [27] [28] [29] . IGF-1 is an important mitogen for prostate cells. IGFBPs have opposing actions, in part by binding IGF-1, but also by direct inhibitory effects on target cells [27] . In recent epidemiologic studies, relatively high plasma IGF-1 and low IGFBP-3 levels have been independently associated with greater risk of prostate cancer [30] [31] [32] [33] [34] . Two-to fourfold elevated risk has been observed for prostate cancer in men in the top quartile of IGF-1 relative to those in the bottom quartile, and low levels of IGFBP-3 were associated with an approximate doubling of risk [30] . Recent data show that lycopene administration to humans with colon cancer for 1-5 weeks prior to surgery significantly reduces serum IGF-1 levels [35] .
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CLINICAL TRIAL OF LYCOPENE IN MEN WITH PROSTATE CANCER
We conducted a pilot study to investigate the biological and clinical effects of lycopene supplementation on the prostate tissues and on serum levels of PSA, IGF-1, and IGFBP-3 in patients with localized prostate cancer [36] . We hypothesized that lycopene supplementation would decrease growth and induce apoptosis in premalignant and malignant prostate cells by up-regulating tissue Cx43 level, decreasing serum IGF-1 level, and decreasing the ratio of bcl-2/bax in patients with localized prostate cancer. In a randomized clinical trial, we enrolled 35 men with clinical stages T1 or T2 localized prostate cancer, who were scheduled to undergo radical prostatectomy. Data were collected from 26 subjects who were assigned to the lycopene arm (n = 15) or the control arm (n = 11) of the study. Nine patients were excluded because they had an incorrect diagnosis (1 patient), dropped out after randomization (2 patients), or had prior hormone therapy (6 patients). A detailed description of the methodology and the results of this trial have been published elsewhere [36] .
Subjects were randomly assigned to receive either a mixture of tomato carotenoids (Table 1 ) with 15 mg lycopene (as a gel capsule containing tomato extract Lyc-O-Mato obtained from LycoRed Company, Beer Sheva, Israel) twice daily with meals, or no supplement for three weeks prior to surgery. Biomarker studies were performed on blood samples collected at baseline and after three weeks of intervention prior to radical prostatectomy. At the time of surgery, entire prostate glands were resected, and specimens were evaluated for pathologic stage, the volume of prostate cancer as well as the extent of HGPIN. Tissue levels of Cx43, bcl-2, and bax were assessed by Western analysis of benign and malignant areas of the tissue samples. Plasma and tissue levels of carotenoids were measured by high-performance liquid chromatography (HPLC). Plasma levels of IGF-1 and IGFBP-3 were measured by enzyme-linked immunosorbent assay (ELISA). Peripheral blood lymphocyte levels of 5-OHmdU was measured by gas chromatography-mass spectrometry.
Changes in biological and clinical parameters induced by Lyc-O-Mato supplementation are shown in Table 2 . Mean plasma PSA levels decreased by 18 % in the intervention group, while they increased by 14 % in the control group over the study period (p = 0.22). In the intervention group, 11 of 15 patients (73 %) had involvement of surgical margins and/or extra-prostatic tissues with cancer, compared to 2 of 11 patients (18 %) in the control group (p = 0.02). Twelve of 15 patients (80 %) in the lycopene group had tumors that measured 4 cc or less, compared to 5 of 11 (45 %) in the control group (p = 0.22). Multifocal and/or diffuse involvement by HGPIN was observed in 10 of 15 subjects (67 %) in the lycopene group, compared to all 11 subjects (100 %) in the control group (p = 0.05).
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Lycopene and prostate cancer 1445 Sufficient malignant tissues were available for analysis in four subjects from the lycopene group and in four subjects from the control group. The level of Cx43 protein was 0.63 ± 0.19 optical density (OD) units in the lycopene group compared to the 0.25 ± 0.08 OD units in the control group (p = 0.13). The expression of cell cycle regulatory proteins, bcl-2, and bax, was not significantly different between the two groups, although bax level of the lycopene group (1.05 ± 0.29) was higher than the control group (0.68 ± 0.18).
Tissue samples from benign parts of the gland were available for biomarker analysis in eight subjects in the intervention group and six subjects in the control group. Cx43 level was 0.64 ± 0.12 in the lycopene group compared to 0.51 ± 0.10 in the control group. The expression of bcl-2 was 0.63 ± 0.04 in the intervention group and 0.58 ± 0.04 in the control group, and the expression of bax was 0.62 ± 0.10 in the intervention group and 0.79 ± 0.11 in the control group. None of the differences in the biomarkers of the two groups were statistically significant. Plasma samples were available from 13 subjects in the intervention group and 10 subjects in the control group. Mean plasma levels of IGF-1 decreased by 233 ± 21 ng/ml to 169 ± 23 ng/ml in the lycopene group (p = 0.0002) and from 199 ± 20 ng/ml to 140 ± 16 ng/ml in the control group (p = 0.0003). Interestingly, IGFBP-3 levels also decreased in both the intervention and control groups during the study period. Plasma IGFBP-3 levels in the intervention group decreased from 5230 ng/ml to 3924 ng/ml, while in the control group they decreased from 5200 ng/ml to 4070 ng/ml, which were statistically significant (p = 0.0002 and p = 0.0001, respectively).
In the intervention group, the plasma lycopene level increased in 5 of 11 patients, whereas only 1 of 6 subjects in the control group had an increase (Fisher's exact test, p = 0.33). The level of postintervention plasma lycopene was 23.5 µg/dL in the intervention group and 17.5 µg/dL in the control group (p = 0.15). However, there was no significant difference between the two groups with regard to percent change of plasma lycopene level, due to great variability in plasma lycopene levels and small numbers of subjects in each group. Prostatic tissue lycopene levels were 47 % higher in the intervention group (0.53 ± 0.03 ng/gm of prostate tissue) compared to the control group (0.36 ± 0.06), which was a significant difference (p = 0.02) despite the small number of samples (n = 8).
Peripheral blood lymphocyte levels of 5-OHmdU were similar in both groups before and after intervention. There were no differences between the groups with respect to baseline intake of nutrients assessed by a validated food frequency questionnaire.
DISCUSSION
The results suggest that 30 mg of lycopene taken daily for three weeks may be sufficient to modulate biological and clinical SEBs of prostate cancer. The microscopic extension of prostate cancer to surgical margins and/or to extra-prostatic tissues appeared to have decreased as a result of lycopene supplementation. This finding has potential clinical implications as the extension of tumor to surgical margins identifies a group of patients with poor prognosis. Patients in the lycopene group had a decrease in the plasma PSA level, which is a clinical parameter of prostate cancer burden. These results suggest that lycopene may have an antitumor effect and perhaps be useful as an adjunct to standard treatments of prostate cancer, such as surgery, radiation therapy, hormones, and chemotherapy. In addition, lycopene supplementation appears to have reduced the diffuse involvement of the prostate gland with HGPIN, which is a precursor of prostate cancer [37] , suggesting that lycopene may also have a role in the prevention of prostate cancer.
The mechanism of lycopene's clinical effects remains to be elucidated. Up-regulation of Cx43 expression would be a possible explanation. When the results are analyzed, including all randomized and treated subjects (i.e., 26 subjects plus the 6 subjects that were originally excluded from analysis because of history of hormone therapy), Cx43 expression was significantly higher in the tumors from patients in the lycopene group (p < 0.05). However, statistical significance was absent when the analysis was restricted to the 26 eligible and evaluable patients, even though there was an increase in the expression of Cx43 in tumor tissue in patients receiving Lyc-O-Mato. Increased expression of Cx43 and increased junctional communication have previously been shown to occur after treatment of human and murine cells in culture with lycopene [13] . Up-regulated junctional communication has been linked to decreased proliferation in normal and preneoplastic cells [38] . Therefore, our results suggest that lycopene supplementation may decrease the growth of prostate cancer, perhaps by up-regulating Cx43. However, because of small sample size, no definitive conclusions can be reached. Future clinical trials with larger sample sizes and different doses of lycopene are needed to determine the efficacy as well as the appropriate dose and duration of lycopene supplementation in men with prostate cancer or high risk of developing prostate cancer.
Interestingly, the level of pro-apoptotic protein bax increased in tumor tissue, while it decreased in benign tissue in the intervention group compared to the control group (Table 2) . On the other hand, the level of anti-apoptotic protein bcl-2 did not change in the tumor tissue and perhaps increased in the benign tissue in the intervention group compared to the control subjects. These changes were not statistically significant, perhaps because the number of subjects with adequate tissues for analysis was very small.
It should be noted that the lycopene preparation used in this study was a mixture of tomato carotenoids and other tomato phytochemicals (Table 1) . Although lycopene was the predominant carotenoid in the capsules, there were significant amounts of phytoene and phytofluene and other bioactive compounds. It is possible that the combination of phytochemicals present in the tomato extract, rather than lycopene alone, was responsible for the observed clinical effects. There are in vitro data suggesting synergistic effects of lycopene with phytoene, phytofluene, and beta-carotene against prostate cancer cells [39] .
The differences observed in bioavailability and response to the tomato extract in this study are not easily explained, because the preparation contains the natural tomato oleoresin present in tomato matrix in the Lyc-O-Mato capsules used in this study. Previous studies have shown excellent bioavailability of lycopene from this preparation [40] . However, it is possible that fat and other components of the diet might have influenced the bioavailability of lycopene in our study population. In addition, ingestion of foods containing lycopene (such as tomato, watermelon, pink grapefruit, guava), other carotenoids (beta-carotene, lutein), and micronutrients (tocopherol, zinc, selenium, ascorbic acid) vary widely between individuals and also seasonally. These other dietary components may have important interactions and may have influenced the outcome of the study. The small size of our study does not allow analysis of potential interactions with other nutrients. Our future studies will address potential interactions between different nutrients in modulating genetic and epigenetic pathways in prostate carcinogenesis.
FUTURE STUDIES
Dose-response to lycopene should be investigated in subjects with localized and advanced prostate cancer. Clinical trials should be conducted in patients with HGPIN or elevated PSA, but without a diagnosis of prostate cancer, as they are at a high risk of developing prostate cancer or of having occult disease. Lycopene could be compared to other promising agents such as vitamin E, selenium, or soy in future clinical trials. We have found significant in vitro [41, 42] and clinical activity with soy isoflavones [43] and are currently conducting clinical trials investigating the effects of lycopene alone, or in combination with soy isoflavones, in patients with advanced prostate cancer. Because of the observed in vitro synergistic effects of tomato carotenoids against prostate cancer cells [39] , we are planning a clinical trial comparing the effects of pure lycopene with a mixture of tomato carotenoids (Lyc-O-Mato) in patients with localized prostate cancer prior to prostatectomy. Lycopene should also be combined with vitamin E [44] and selenium [45] in future clinical trials. For example, synergistic effects have been observed between lycopene and alpha-tocopherol against prostate cancer cells [46] .
